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Fluid-solid drag models selection for simulating wheat straw particle
movement in anaerobic digester
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Abstract: Computational fluid dynamics (CFD) has been utilized to simulate the movements of wheat straw particles for
agitator speed selection in full-scale wet digestion. Previous research has found that the current drag model generally used for
depicting the motion of spherical particles cannot match the movement behavior of wheat straw particles with their non-
spherical shape. In this study, the sedimentation experiment and horizontal flow experiment of straw particles were determined
using a V20-3D camera and a micro Particle Image Velocimetry (PIV) system. With analyses of the experimental data and
CFD simulation results, the prediction accuracies of the non-spherical drag models of Holzer and Sommerfeld (HS), Kishore
and Gu (KG), Haider and Levenspiel (HL), Richter and Nikrityuk (RN), and Fabio Dioguardi (FD) were evaluated by the
motion of individual straw particles. The results showed that the KG model has a significant advantage over the other drag
models, both simulating the particle settling velocities in a one dimensional settling experiment and simulating the predictable
trajectory in a two-dimensional horizontal flow experiment. Therefore, the KG drag model was selected to simulate with CFD
the wheat straw particle movement to select agitator speeds. Additionally, the realizable k-& turbulence model was proven to be

superior to the other turbulence models for simulating the continuous phase flow with CFD.
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1 Introduction

With the development of clean energy, there has been an
increase in the anaerobic digestion of crop straw to produce biogas
and hydrogen'”. Under optimal conditions, it is expected that all
biomethane will be transferred from the solid-liquid reaction to the
gaseous phase, ensuring maximum energy recovery. Due to the high
difference in density of solid biomass particles, the separation of a
solid-liquid mixture is inevitable®*. Specifically, this is manifested
as the sedimentation and floating of straw particles, which is not
conducive to fermentation™*.

Whether it is gas mixing” or mechanical mixing®, the
appropriate mixing of biomass particles needs to be solved to
improve anaerobic digestion®”. Computational fluid dynamics
(CFD) simulation technology is a promising technique to study the
mixing process between particles and fermentation fluids to

10-12

optimize the agitator design!*'"? by visualizing the mixing process
with simulation.

The simulation method can be single phase simulation or
multiphase simulation. In single phase simulation, the mixture of
solid particles and fluids is treated as a single phase of non-
Newtonian fluids"*'¥ Though this method can demonstrate the fluid
phase motion, it cannot explain the physical nature of suspension
and sedimentation of biomass particles*. The method of multiphase

simulation can reflect the complex flow behavior in anaerobic
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reactors by simulating the gas-liquid-solid three-phase flow or solid-
liquid two phase flow!'*'l,

For the two-phase flow simulation method, the Eulerian-
Lagrange method and the Eulerian-Eulerian method were used for
simulating the particles and fluid’s motion. Which method is
selected is based on the volume fraction of the particles. When the
volume fraction is less than 20%, the Eulerian-Lagrange method is
appropriate to simulate the particle-fluid motion, on the other side,
the Eulerian-Eulerian method is better. In the mechanical stirring
system of large-scale straw fermentation, in order to maintain better
biogas production, large-size straw particles are limited to less than
5% of the volume of the entire fermentation tank"".. However in
some large-scale mixed fermentation plants, the large-size particles
are less than 20% of the total volume™. Treating large-size straw
particles as discrete phases, the liquid phase and small particles as
fluid phases, ignoring the role of bubbles, and performing CFD
calculations with Eulerian-Lagrange two-phase flow meets the
assumption of the basic mechanism of sedimentation and
suspension of biomass®*'**. The latest experimental studies also
support this hypothesis™!.

When calculating the motion of Non-spherical particles while
applying the Lagrange discrete phase method, a non-spherical drag
model could better describe the moving properties of the biomass
particle than a spherical drag model such as the Schiller and
Naumann's model®.. There are some applications of classical non-
spherical fluid-solid drag models in the literature.

For example, four drag models have been used to predict the
settlement of fly ash in the work of Gerhardter et al.” They are the
drag model Haider and Levenspiel (HL) with shape coefficient of
P drag model Richter and Nikrityuk (RN) with shape coefficient
of SRP" and drag model Kishore and Gu (KG) with shape
coefficient of EP*. The drag model Fabio Dioguardi (FD)*! was
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used to predict the sedimentation velocity of volcanic ash particles.
The drag model of Holzer and Sommerfeld (HS)"” was applied to
the prediction of lift of non-spherical particles®".

These non-spherical drag models can be applied to the Eulerian-
Lagrange two-phase flow to calculate the sedimentation and
suspension process of straw particles.

The translation and rotation of particle motions, is determined
by the sedimentation experiment and the horizontal flow experiment
of straw particles in water. These experiments were used to evaluate
the prediction accuracy of the above five non-spherical drag models
on the motion of single discrete phase straw particles. This provides
a method to accurately simulate particle movement at varying
agitator speeds using the Eulerian-Lagrange model.

2 Material and method

2.1 Drag models of particle-fluid
2.1.1 Relationship between drag coefficient and particle settling
velocity

In the wet fermentation biogas project, the volume of wheat
straw particle is less than 5% of the volume of biogas tank, thus, the
motion of the particles follows the Eulerian-Lagrange approach.
The fluid phase was treated as a continuum by solving the Navier-
Stokes Equations, while the dispersed phase is solved by tracking a
large number of particles, bubbles, or droplets through the calculated
flow field. The dispersed phase can exchange momentum, mass,
and energy with the fluid phase.

In CFD code, for the continuous fluid phase the mass equation
and the momentum equation in the element are Equations (1)-(2) as
follows:

d(e,
(Zp Doy (espsily) =0 (1)
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where, &, is the volume fraction of fluid phase; p; is the density of
the fluid, kg/m?; i, is the velocity vector of the fluid, m/s, Vp is the
pressure gradient, Pa; ?f is the tensor of stress acting on the fluid
element, N/m* g is the acceleration of gravity, 9.81 m/s’; R;,, is the
force due to the particles acting on the fluid element, N/m’.
The force of the fluid relative to the particles Ry, is defined by:
_Fp _m,,F (ﬁ’f—ﬁ’,,)
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For the dispersed phase, the single particle’s motion equation is
Equation (4) as follows:

dﬁl’ - - g( P_pf)
d[ =F(uf—up) +T (4)
where,
18u, CpRe,
= dzf L %)
p,d; 24
Prlas-a,|d,
Re, = ikt (6)
My

According to Equations (4)-(6), the velocity of the particle
along with time is calculated by Equation (7):
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where, i, is the particle velocity, m/s; i, is the fluid velocity, m/s;

m, is the particle mass of the discrete phase, kg; F, is the force on
the particles,[N]; V., is the calculation domain, m’; p, is the
particle density, kg/m’; and d, is the particle diameter, m.

According to Equation (7), the drag coefficient C,, depends on
the velocity difference i, — i, and the time ¢. Specially, in the steady
condition, when the fluid is still, the particle velocity is constant, C),
is then only related to the particle settling velocity i, .

2.1.2  Drag models for non-spherical particle in the literature

Wheat straw particles are non-spherical particles. The drag
coefficient model is related to the particle shape coefficient and
particle Reynolds number®. In this work, the following five models
generally used in the literature are evaluated.

Haider and Levenspiel (HL)** studied the drag coefficient C,,
and terminal velocity of spherical and non-spherical particles
shaped as isometric like cube octahedrons, octahedrons, cubes,
tetrahedrons and thin free-falling disks. They derived the equation
of drag coefficient C), related to the particle Reynolds number Re,
and sphericity ¥, see Equation (8).

4 C
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Re,
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CD, HL =

where, ¥ is calculated by A,/A,,,, A, is area of the equal-spherical
volume, m’, A,,is the real superficial area of the particle, m’.
Re, <2.6x10°¥ >0.67, 4, B, C, D is related to .

Holzer and Sommerfeld (HS)" proposed a drag model for non-
spherical particles (Equation (9)) based on the existing drag models.
The drag model C,is based on particle shapes: cube, cube-
octahedron, octahedron, tetrahedron, disks and plates, cuboids and
cylinders.
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lengthwise sphericity, the ¥, is crosswise sphericity.1/4mnd? is the

area of the equal-spherical volume, m? A,,, is the real area of the

sph
particle, m’; A, the projected cross-sectional area of the particle
perpendicular to the flow, m’.

Kishore and Gu (KG)™ proposed a drag model based on
ellipsoidal particles (Equation (10)), where, E is the aspect ratio in
two dimensions, L and B are the length and width of the particle, m.

The range of Eis 0.25 < E <2.5.
24 . FO49

(1.05+0.152Re, " E*T") (10)

Coke =
e,

Richter and Nikrityuk (RN)* developed a drag model shown
as Equation (11), which based on spherical, ellipsoidal and cubic
particles, shape coefficient SR=1,/d,, [
parallel in the flow direction, m; d, is the diameter of an equivalent-

is the particle length

P

volume sphere, m. The range of Reynold number is 10 < Re, < 250.

CD.RN=0.21+&SR°'58+£SR"‘4 (11)
Re, Re,

Fabio Dioguardi (FD)*' studied the pumice particles’ drag
model related to particle Reynold number Re, and shape factors
o.9=Y/X,, X,=P,/P,,, where X, is a circularity, P, is perimeter
of projection area, m; P,,, is perimeter of projection area of an equal-
spherical volume, m. The range of Re; is defined by 1 < Re, < 10°.

0.9627
R (12)

Cl), FD =
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2.2 Geometric shape and density of straw particles

The wheat straw was obtained from Funan County, Anhui
Province, China. Two kinds of treated wheat straw particles were
selected to do the test. One was cut into pieces, called sheared
particles, as shown in Figure 1a. The other type of particle used was
rubbed by a screw machine, named rubbed particles, as shown in

FILLIV 1ol

a. Sheared wheat straw particles  b. Rubbed wheat straw
particles

c. Outline of a single
wheat straw particle

Figure 1 Geometric appearance for two kinds of straw particles

The particle shapes are measured as follows. Firstly, all the
particles were wetted by water, 24 sheared particles and 134 rubbed
particles were picked randomly. Then the images of each particle
were captured by a camera. Finally, the geometries for both kinds of

straw particles were calculated by comparing the image resolution
with the real size of the particle. the geometry and the outline of
both types of particles are presented in Figure 1c. L is the length of
particle’s maximum projection (m), and B is the width (m). The
maximum projection was calculated from the images. The length of
both types was less than 10 mm, the width varied from 1 mm to 6
mm. The particle mass m, was measured by a precision balance
with range of 0-120 g and an accuracy of £1 mg.

The density of the two kinds of particles fell in a small range.
To calculate the density of rubbed particles conveniently, the mean
density was used since it was easier to get the density of a single
particle. The density of the particle p, and the density of water p,
were measured by a standard Gay-Lussac pycnometer with the
volume of 100 mL. The volume of a particle V, is calculated by the
ratio of m,/p,. And the particle equivalent thickness T is also
calculated by the ratio of V,/A,,....
2.3 Drag model evaluation by one dimensional settling
experiment

According to Equation (7), when the water is still, the particle
velocity will be constant, the existing drag models were evaluated

by comparing the settling velocities of experiments with
simulations.
2.3.1 Settling velocity

The free-settling experiment was conducted in a square tank
made of acrylic glass, as shown in Figure 2a.
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c. Position and velocity of wheat straw particle change with time

d. Mesh of cubic tube for simulating the particle settling

Figure 2 Setup of particle settling velocities measurement
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The experimental water tank is transparent and its length,
width, height and thickness are 100 mm, 100 mm, 1 m and 5 mm,
respectively, as shown in Figure 2a. A white paper is placed on one
side of the tank, and a V20-3D camera is positioned on the opposite
side facing the paper. The frame rate of the camera is 30 fps and its
resolution is 1080x1920 pixels. A LED light source with 120 W
was used to illuminate the region of interest in the tank. A
millimeter-scale ruler is attached to the left side of the water tank
and used to assess the falling position of the particles. The distance
between the camera and the water tank is denoted as Hc. The
camera focus was adjusted to ensure that the ruler could be clearly
captured. The height of the camera’s visual scope is 500 mm.

In the experiment, a camera will record the particle’s drop from
the top to the bottom of the vessel. The particles are added slowly to
the tank one by one. The video records the whole process, and the
videos are converted into photographs frame by frame using
Photoshop software. Then 30 pictures in PNG format are produced
per second using MATLAB software.

Based on the data from the images, some parameters are
calculated. They are the centroid y coordinate and the orientation
angle 67" of the particle in every image, as shown in Figure 2b. the
terminal settling velocity u,,eimes and the relationship of y vs ¢, as
shown in Figure 2c.

2.3.2  Numerical simulation setup

ANSYS Fluent 17.0 was used to do the numerical simulation of
the particle falling in the still water. The settling velocities are
acquired by tracking the discrete particle motion. The geometry and
mesh of the container for simulation is shown in Figure 2d. A
hexahedral structure mesh for square tubes was used. The maximum
mesh length is 5 mm and the Hexahedral non-structural mesh is
used. Mesh quality is, so mesh independency is not needed to be
discussed. The single-phase coupling method is adopted to calculate
the particle phase.

2.3.3 Drag model evaluation

According to Equation (7), when the velocity of fluid is
constant, the relative error between the experiment velocity and
simulation velocity can be determined to evaluate the existing drag
models, which is calculated by Equation (13).

’usimuzamm — Uexperiment

relative error =

(13)

uexpwimem

2.4 Drag models’ evaluation by a two-dimensional flow
experiment

According to Equation (7), when the velocity of fluid is not
constant, the particle-fluid drag coefficient is related both to the
difference of fluid velocity and the particle velocity, and time.
According to multiphase flow theory of Particle Motion Theory, a
turbulence model should be selected for continuous phase flow
calculation first. After the fluid velocity field calculation, the
particle trajectory, particle velocity and particle runtime can be
calculated.
2.4.1 Turbulence model selection

The accurate fluid velocity simulation comes from applying a
reliable turbulence model, which is generally confirmed by PIV
measurement®*. ANASYS Fluent gives a series of turbulence
models to model the momentum transfer equation. The best
turbulence model will then be selected.

a) PIV measurement

The PIV measurement experiment was carried out in a water
tank with horizontal flow, the schematic of the experiment is
presented in Figure 3a. The length, width, height, and thickness of
the tank are 300 mm, 100 mm, 205 mm and 5 mm, respectively.
The inlet and outlet of the water tank are 30 mm, as seen in Figure
3b. Before the experiment, the horizontal flow rate in the tank
should be adjusted to a suitable level to meet the range of the flow
field of the actual straw anaerobic digester. This experiment
employed a micro-PIV system (ILA, Germany) to measure the local
velocity field with the experimental setup shown in Figure 3a. The
water flow rate at the inlet of the tank is set at 350 L/h. The fluid
velocity distribution at the y=0 plane (Figure 3b) is measured
through the system. Figure 3d shows the PIV velocimetry area with
a size of 50 mmx140 mm. The images are processed for the velocity
vectors with the PIVVIEW demo software (Daheng Galaxy Viewer
(x64)).

b) Continuous phase simulation

Before the continuous phase simulation, boundary conditions
and mesh of the geometry should be set. The boundaries of the
water tank are inlet, outlet, wall and Up. Zone Up is a free surface
next to air (Figure 3c). The inlet velocity is set to 0.2263 m/s, water
density and viscosity are set up with the default settlings. A
hexahedral structure mesh is used for the water tank, where the
maximum length is 5 mm, the number of mesh is 1 192 808, and the
mesh quality is 0.4. The particle diameter is less than 0.5 mm, so
then the scale of the mesh is suitable.

In the horizontal flow experiment, the flow Reynolds number at
the entrance of the tank is 5630, and the flow is turbulent. ANSYS
Fluent supports many turbulence models to calculate the momentum
Equation (10). Considering the economy and rationality of
calculations, the vortex motion of turbulence, the low Reynolds
number characteristics of the flow region, RNG k-¢ model, low-re k-
¢ turbulence model, realizable k-¢ model and SST-kw model were
evaluated. The velocity field is obtained from the region of PIV
measurement zone in order to pick the best turbulence model by
comparing it with the velocity distribution.

2.4.2 Particle trajectory

a) Particle trajectory acquisition by experiment

When the flow rate is stable, a single straw particle is released
as shown in Figure 3f. The particle motion trajectory will be
recorded by the camera in Figure 3e. Due to the low velocity flow
of the water inlet, a V20-3D camera with 30 fps is used. The
particle position changes with time and the particle position will be
extracted by image analysis.

b) Particle trajectory acquisition by simulation

Since the volume of the particle is far less than the whole
volume of the container, and the particle motion does not influence
fluid flow condition, one way coupling is used to do the simulation.
Particle properties are added into the discrete phase setup, and five
drag models were coded in the UDF function for particle trajectory
tracking allowing particle position information canto be acquired.
2.4.3 Drag models’ evaluation

According to Equation (7), the particle trajectory or particle
velocity, and particle runtime can be the evaluation criteria for the
drag models. Because the particle trajectory reflects the state of the
particle moving down for sedimentation and/or suspension, particle

Table 1 Wheat straw particle parameters used in the horizontal experiment
mp(ke) Vp () L(m) B(m) Tm) Apmax(m’) dv(m) ¥ D ¥ Y SR E
0.014 13.33 10.58 3.03 0.55 18.9 2.94 0.34 0.25 0.11 0.36 0.61 3.49
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Figure 3 PIV measurement for turbulence model selection and particle motion measurement in two-dimensional horizontal flow

trajectory and runtime are obtained by both experiment and
simulation.

The timing starts as the particle moves close to the boundary of
the water tank, and then when it changes downward the time is
recorded. In other words, the time is evaluated while the particle is
moving in the horizontal flow.

After that, the distance error between the measured value and
the simulated value during the movement process is calculated.
Therefore, the cumulative error between simulation data and
experiment data can be calculated by Equation (14).

Culmulative error = Z VL@ -XOP +Z1 (1) -Z@) (14)

where, X1(r) and Z1(r) are the simulation particle displacement
with drag model, X(r) and Z(¢) are particle displacement by

experiments. f, and #, are times that obtained by experiments or
simulations.

3 Results and discussion

3.1 Particle geometry parameters and settling velocities
3.1.1 Particle geometry parameters

The measurement of the length, width, and height of sheared
particles and rubbed particles are listed in Figure 4. The range of
length, width and height are 9.5-11 mm, 1-5 mm, 0.2-0.5 mm for
sheared particles, respectively and 5-30 mm, 1-4 mm, 0.1-1.5 mm
for rubbed particles, respectively. Then the particle shape
coefficient is calculated by particle geometry. Figure 4c describes
particle size distribution of actual digesters for both shear particles
and rubbed particles. Particle distributions in these digesters comes



254 March, 2023 Int J Agric & Biol Eng

Open Access at https://www.ijabe.org

Vol. 16 No. 2

from work of Hans-Joachim et al.”” In the digester, almost 80% of
the biomass particles are less than 1 mm in volume such that they
move easier within the water. The particle size distribution is in the
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a. Particle geometry for sheared particles

range of 1-2 mm, 2-3 mm, 3-4 mm and those greater than 4 mm are
less than 10 mm. The particle size in the experiment are larger than
1 mm (Figure 4c).
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Figure 4 Particle geometry and size distribution for shear particles and rubbed particles

3.1.2  Settling velocity

Figure 5 depicts the settling velocity relationship with the
number of sheared wheat straw particles and rubbed particles during
the test. The result indicated that the settling velocity of sheared
particles is in the range of 0.014-0.023 m/s (Figure S5a), and the
rubbed particles is in the range of 0.005-0.04 m/s (Figure 5b). The
results further revealed the dispersion settling velocity distribution
in the sheared particles while the intensive settling velocity
distribution in the rubbed particles. It might be related to the total
number of the selected sheared particles, which is less than the total
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3.2 Drag models comparison by one dimensional settling
experiment

321
settling velocity of particles in experiment

Prediction error of the drag models for simulating the

Settling velocities obtained by simulation using drag models of
HS, KG, HL, RN and FD are depicted in Figure 6.

Through CFD simulation, the settling velocity of 24 shear
particles and 134 rubbed particles using the drag models; HS, KG,
HL, RN and FD and the relative errors are determined and plotted in
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Figure 5 Settling velocity of particles obtained by experiment
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Figure 6 Settling velocities by CFD simulation and relative error between simulated velocities and measured velocities using drag models of
HS, KG, HL, RN and FD

Figure 6. Figure 6a shows that KG model has the smallest error, the
HS model has the largest error, and Figure 6d indicates that the KG
model also has the smallest error, but here the RN model has the
largest error.

By making a comprehensive comparison of the relative error
among the five different drag models described in Figure 6, it can
be seen that the KG model has the smallest error compared to the
other drag models in the particle settling experiment. The values of
relative error are 32.7% for sheared particles and 25.2% for rubbed
particles, with an average error of 28.9% for the two types of
particles.

3.2.2 Comparison with simulation error in literatures

Comparison with the result in the literature, the prediction error
is not the smallest between measured data and simulation data for
particles moving in a fluid. For example, the mean prediction error
is 28.9% in the present study, which is far less than the 50% in the
work of Gerhardter et al.”, and is approximate to the 22% in the
work of FDBY, However, the result is inferior to 14.1%-17.7%, 6.7%-
21.7%, +4% and 3.6%-6.0% in the work of FD™, HSF" HLP,
KG™ and RN™, respectively. The particles used in the first two
studies were actual engineering powder particles with extremely
irregular shapes. The research object was slag in the work of
Gerhardter et al., and volcanic ash was analyzed in the work of FD.
Both slag and volcanic ash complex shapes are not artificially
controllable. However, the particles used in the last four studies are
artificial engineering powder particles and have manmade isometric
geometry. The shapes of particles studied were sphere, isometric
particles, cuboids, cylinders, disks and plates in the work of HS,
cube octahedrons, octahedrons, cubes and tetrahedron in the work
of HL, spheroids in the work of KG, and cube and axially

symmetric ellipsoids in the work of RN. Therefore, for actual
engineering particles such as straw particles, the KG model in this
study has potential for engineering applications with a competitive
prediction errors to similar studies.

3.3 Drag models’ evaluation by two-dimensional horizontal
flow experiment

3.3.1 Turbulence model selection

Through PIV measurement the velocity distribution of the PIV
region (Figure 4d) is acquired as shown in Figure 7a. Velocity in the
y=0 plane is also acquired by CFD simulation using the five
different drag models. Because the particles move along with the
water flow, the main flow velocity will be important for the in
describing the motion of the particles.

The velocity contours and pathlines simulated by the realizable
k-¢ turbulence model described in Figures 7a and 7b agree with the
experiment phenomena. The simulation results show that along the
inlet direction, the flow rate of the water gradually decreases, and
two streams of fluid are formed approaching the wall surface. One
stream flows into the Up surface and the other flows downward
which then forms a chaotic flow. The circulating flow inside the
container can affect the measurement result. Thus, the velocity
region in the horizontal line from inlet to the wall will be compared
(Figure 7c¢).

According to Figure7c, in the line of z=-5mm, velocity
fluctuated in the range of 0.1-0.15 m/s along the x coordinate.,
When x is larger than 0.24 m, the velocity decreases as the water
flow rate decreases rapidly when it reaches the wall area. The
velocity simulated by the turbulence models of RNG &-¢, low-re k-¢,
realizable k-¢, and SST-kw are compared with the PIV velocity
shown in Figure 7d. The velocity obtained by the turbulence model
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Figure 7 Turbulence model selection by PIV measurement in the PIV region

of realizable k-¢ has the closest trend compared to the PIV
measurement. Therefore, the realizable k-¢ turbulence model is used
in this study for continuous phase calculation for two-dimensional
simulation.
3.3.2 Drag models’ comparison by particle trajectories and
runtimes

After calculation of the continuous phase flow field using the
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realizable k-¢ turbulence model, particle trajectories are acquired for
the 5 drag models. In Figure 8a, the particle moves along with the
horizontal water flow, when approaching the boundary of water
tank, the particle moves downward along with the water flow. There
is a specific point where the particle changes path at the end of the
horizontal flow. The runtime of the path between the start point and
the end point is depicted in Figure 8a.
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Figure 8 Particle trajectories from drag models’ prediction and experiment and cumulative error between simulation and experiment by the
5 drag models

The runtimes of trajectories for the drag models of HS, KG,
HL, RN, and FD are 2.8 5, 2.6 5,4.2 s, 3.2 s and 4.4 s, respectively.
The experiment runtime is 0.97 s. Initially, the trajectories of HL
and FD are closer to the real particle trajectory. But the runtime of
KG is closer to the real particle runtime.

By Equation (14), cumulative errors between simulation and
experiment by the 5 drag models are obtained, see Figure 8b. KG
model has the least cumulative error than the others.

In a summary, KG model presents the best performance among
the five drag models in the two-dimensional horizontal flow
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experiment.
3.4 Comprehensive evaluation for the five drag models
3.4.1 Comparison for prediction accuracy

The drag model of KG has the advantage over the other drag
models in simulating the particle motion in the one dimensional
settling experiment and the two-dimensional horizontal flow
experiment.

There are some reasons to explain why the KG drag model is
best. Firstly, the functional relationship of KG model can be clearly
divided into pressure term and drag term, which follows the
principle of fluid drag on particles. Secondly, the shape coefticient
of aspect ratio E can better reflect the particles’ actual shapes.

Though the drag model provides a good prediction for the
particle settling velocity, the cumulate error is a large length (more
than 3000 mm). Moreover, a precise drag model should be further
developed to satisfy particle motion in two dimensions (2D) or 3D
conditions.

3.4.2 Discussion of the science of the experiments

In the study of multiphase flow, continuous phase is the basic
phase of fluid, mixing or agitation act directly on the continuous
phase, and the movement of the dispersed phase is the result of
mechanical interaction between continuous phase and dispersed
phase. Therefore, the common continuous phase setup is not
suitable for anaerobic digestion mixing process (like CSTR or USR)
CFD calculation. Direct agitation is rarely used in the experiment of
motion model development, since the three-dimensional data are not
stable, these effects on agitation are relatively complex. However,
most of the motion models in the existing literature adopt simple
one-dimensional precipitation or two-dimensional horizontal motion
for development. This study also absorbed classical research
methods to develop a straw particle resistance model, rather than
directly placing it in the three-dimensional agitation experiment. In
addition, the movement of straw particles is the main mass transfer
process in straw fermentation. Therefore, the development of a drag
model for straw particles is of great significance for the precise
design of large-scale anaerobic fermentation stirring systems using
straw as raw material.

4 Conclusions

To improve the reliability of CFD using Eulerian-Lagrange two-
phase flow method for agitation design of an anaerobic digester,
fluid-solid drag models selection for simulating wheat straw particle
movement in anaerobic digesters are investigated in this study.
Conclusions are drawn as follows:

(1) This study conducted an one-dimensional settling experiment
and two-dimensional horizontal flow experiment by using five drag
models. It is hypothesized that these take large-size straw particles
into consideration as discrete phases and take the liquid phase and
small particles as fluid phases. It is shown that the KG model has
the minimum prediction error compared to other drag models of HS,
HL, RN and FD.

(2) Based on both the settling and two-dimensional horizontal
flow experiments, using the non-spherical drag models with the
Eulerian-Lagrange method, the KG model can also predict the
particles settling velocity and can be used as the non-spherical drag
model to simulate the motion of wheat straw particles in water for
further biogas project design.

The movement of straw particles is the main mass transfer
process in straw fermentation. The development of the drag model
for straw particles is of great significance for the precise design of
large-scale anaerobic fermentation stirring systems using straw as

raw material. Comparison of the simulation and experiment with
drag models, resulted in indicating that combined non-spherical
drag models with the Eulerian-Lagrange method can commendably
predict the particle suspension and settlement.
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